Background/Aims: The aim of this study was to investigate the influence of Cx43-and Smadmediated TGF-β/BMP signaling pathway on the differentiation of bone marrow mesenchymal stem cells (BMSCs) into cartilage and inhibition of ossification. Methods: BMSCs of Wistar rats were cultured and assigned into 5 groups for transfection with adenoviruses. Quantitative real-time polymerase chain reaction (qRT-PCR) and Western blotting were employed to detect mRNA and protein expressions of target genes. The condition of cartilage and ossification were measured by a series of staining methods. Subcutaneous injection of mesenchymal stem cells (MSCs) into nude rats was performed. Results: After transfection, compared to the AdGFP group, the corresponding target mRNAs were overexpressed in the AdBMP2, AdSmad1, AdCx43 + AdSmad1 and AdCx43 + AdSmad1 + AdBMP2 groups, and overexpression of BMP2 at the mRNA and protein expression was observed in the AdSmad1 and AdCx43 + AdSmad1 groups. The mRNA expressions of aggrecan (ACAN) and collagen type II alpha 1 (Col2a1), the glycosaminoglycan content of the extracellular matrix and the expression of type II collagen, Col2a1, osteopontin (OPN) and osteocalcin (OC) were higher in the AdBMP2, AdSmad1, AdCx43 + AdSmad1 and AdCx43 + AdSmad1 + AdBMP2 groups than in the AdGFP group; alkaline phosphatase (ALP) activity and mRNA and protein expressions of Runx2 were also higher in these groups than in the AdGFP group. Heterotopic osteogenesis tests demonstrated evident cartilage differentiation ability in the AdCx43 + AdSmad1 + AdBMP2 groups. In comparison,
Introduction
Mesenchymal stem cells (MSCs) are characterized as undifferentiated cells that possess a remarkable capability of proliferation and self-renewal and have the potential to differentiate into mesodermal cells. They are known as a prominent source of stem cells applied to clinical therapies for repairing injured or damaged tissues [1] . As the main source of adult MSCs, bone marrow mesenchymal stem cells (BMSCs) have been used for a variety of cell-based therapeutic approaches that consist of bone repair and bone remodeling [2] . BMSCs have the capacity to differentiate into cartilage, bone, muscles and neurons, and the isolation and examination of these cells have been considered useful for understanding the development and regeneration of tissues and for investigating cartilage tissue engineering [3] . To the best of our knowledge, the potential use of BMSCs to repair cartilage has attracted much attention due to their capability of differentiating into cartilage and forming cartilaginous tissue [4] . BMSCs have also been employed for cell transplantation in different types of diseases [5] [6] [7] . Interestingly, the exploration of specific cytokines and signaling pathways that regulate the differentiation of MSCs into multiple cell types has become the focus of research in this field [8, 9] .
Connexin43 (Cx43), present in many cell types, and especially in BMSCs, is the main component of gap junctions of human tissues, and a study performed by Zhang et al. indicated that the altered expression of Cx43 in BMSCs was associated with interactions between BMSCs and multiple myeloma cells [10] . Cx43 can regulate gene expression and cell cycle progression, and the overexpression of Cx43 has a substantial impact on the structural and functional integrity of human chondrocytes [11] . Transforming growth factor-beta (TGF-β), one of the members of the bone morphogenetic protein (BMP) superfamily, is highly expressed in the bone matrix and is closely associated with osteoblast differentiation and bone development [12] . It has been reported that macrophages recruited by transplantation of MSCs could produce TGFβ1 to mitigate the pathology of colitis [13] . The activation of ERK1/2 and small mothers against decapentaplegic homolog (Smad) signaling pathways leads to increased TGF-β1-induced Cx43 expression, which is required for the differentiation of trophoblast cells [14] . Cx43 is also up-regulated in cells in the joints of patients with osteoarthritis, and targeting Cx43 expression may be a feasible therapeutic strategy to alleviate the inflammatory and catabolic environment of the joint during osteoarthritis [15] . Additionally, BMPs are also known for their importance in the differentiation of osteoblastic lineage and osteogenesis [16] . A study revealed that TGF-β combined with the Wnt pathway plays an important role in enhancing cartilage differentiation [17] . Most importantly, Michael et al. suggested that alteration of the TGF-β/BMP signaling pathway by 5-azacytidine could stimulate maturation of articular chondrocytes [18] . To our knowledge, Smad proteins are important components of the TGF-β/BMP signaling pathway for its activation of osteoblast genes [19] . Smad2 phosphorylation could be induced by TGF-β1 via binding to TGF-β receptor II (TGFβRII) [20] that and controlled by downstream signaling of Ang II in a TGFβ receptor signaling independent manner [21] . However, not enough data on the influence of Cx43-and Smad-mediated TGF-β/BMP signaling pathway in the differentiation of BMSCs have been available until now. Therefore, based on the results from previous studies, the present study aims to explore whether and how Cx43 and Smad mediate the TGF-β/BMP signaling pathway to regulate the differentiation of BMSCs into cartilage and inhibit osteoblast differentiation, and thereby to provide new insights into cartilage tissue engineering.
Materials and Methods

Identification, isolation and culture of bone marrow mesenchymal stem cells (BMSCs)
Forty-five healthy Wistar rats (11 weeks old and weighing 100 -150 g), were purchased from the Hubei Province Center for Disease Control and Prevention, and the experiment was carried out after 1 week of acclimatization. Five Wistar rats were sacrificed by cervical dislocation and fixed on the operating table in a supine position. The bilateral femurs were taken out and drilled with a 20-mL syringe needle, and the red bone marrow in metaphysis was aspirated by a 10-mL syringe and quickly resuspended in Dulbecco's modified Eagle's medium (DMEM) (Becton-Dickinson, New Jersey, USA) with 20 µg/mL heparin under sterile conditions. The suspension was then centrifuged at 8000 rpm for 10 min and the supernatant was removed. The pellet was resuspended in DMEM and strained with a 90-mesh filter. The filtrate was diluted to a density of 8 × 10
5 cells/mL with DMEM and plated in a culture flask, and the plate was placed in a humidified incubator with 5% CO 2 at 37°C and cultured for 2 days. The cell suspension obtained from the previous step was cultured in DMEM with 10% fetal bovine serum (FBS) at a density of 2 × 10 6 cells/mL for 2 days, and the medium was changed after washing the cells with phosphate-buffered saline (PBS) (1.9 mM potassium dihydrogen phosphate, 8.1 mM hydrogen phosphate potassium and 75 mM NaCl, pH 7.4). Cell growth was observed with a microscope, and when the cells grew to 85% confluence, they were digested by trypsin (Sigma-Aldrich Corporation, St. Louis, MO, USA) at a final concentration of 0.25% for 30 s. The cells were collected after a centrifugation at 8000 rpm for 5 min, and an equal volume of DMEM with 10% FBS was added for sub-culturing the cells. The medium was changed following washes with PBS every 2 days.
Detection of expression of cell surface antigens in BMSCs
Third-generation BMSCs were seeded on slides treated with 50 µg/mL poly-L-lysine at a density of 1 × 10 5 cells/mL and placed in an incubator. When the adherent cells reached 70% confluence, they were rinsed 3 times with PBS and fixed with 4% paraformaldehyde for 20 min. After washing 3 times with PBS, the cells were blocked for 20 min with 10% bovine serum albumin (BSA) at room temperature, rinsed 3 times again with PBS and then incubated overnight at 4°C with monoclonal rabbit anti-rat antibodies against CD34, CD44, CD45 and CD54 (1:100, product ID: ab157107, Abcam, Cambridge, UK). After the cells were washed 3 times with PBS, they were incubated for 2 h with horseradish peroxidase-labeled goat anti-rabbit IgG (Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China) at room temperature in the dark. Then, the cells were rinsed 3 times again with PBS and incubated with diaminobenzidine (DAB) chromogenic agent (Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China) for 20 min in the dark, followed by hematoxylin staining for 10 min. Finally, the cells were mounted with neutral balata after washing with water and observed under an inverted microscope to verify the expression of the cell surface antigens. The experimental protocol used in this study was approved by the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health [22] .
MTT assay
Third-generation BMSCs (200 µL) at a density of 0.5 × 10 5 cells/mL were plated in 96-well plates in triplicate. After the cells were cultured for 1, 2, 4, 7, 10 and 14 days in the incubator, the culture medium was aspirated. After washing once with PBS, 50 µL of 5 mg/mL MTT solution (Beyotime Biotechnology, China) and 150 µL DMEM were added to the cells, and then the cells were placed in the incubator again for 4 h. Then, the culture medium was aspirated, and 200 µL of dimethyl sulfoxide (DMSO) was added to each well. When the purple crystals were fully dissolved, the absorbance of the cells at 570 nm was detected by a microplate reader. With each time point on the x-axis and the absorbance value of the cells at 570 nm on the y-axis, the cell proliferation curve was constructed.
Recombinant adenovirus amplification and cell transfection HEK293T cells (purchased from the American Type Culture Collection (ATCC), USA) were plated in fresh DMEM at a density of 1 × 10 5 cells per milliliter. When the adherent cells reached 60% confluence, they were infected with empty recombinant adenovirus AdGFP, recombinant adenovirus AdCx3 expressing Cx43, recombinant adenovirus AdSmad1 expressing Smad1, or recombinant adenovirus AdBMP2 expressing BMP2 (from our laboratory). After 24 h, fluorescence microscopy was used to observe cell infection. When the proportion of fluorescent cells reached 30%, they were cultured for an additional 2-5 days; when the proportion of the fluorescent cells reached 80-100%, they appeared as round cells with vacuoles, and cell death was observed. When the floating cells accounted for 50% of the total cells, the culture dish was removed, and the detached cells were harvested with a rubber dropper. The cells were collected after centrifugation at 1000 rpm for 10 min and then resuspended in 500 µL of DMEM. After placing in liquid nitrogen for 1-2 min, the tubes with cells were placed in a 37°C water bath and with continuous oscillation. After the cells were lysed, they were vortexed for another 1-2 min. The above steps were repeated 4-5 times, followed by centrifugation at 3000 rpm for 10 min, and the supernatant containing the recombinant adenovirus extract was used to transfect the BMSCs.
Two milliliters of the third-generation BMSCs at a density of 0.5 × 10 5 cells per milliliter were inoculated in 6-well plates and cultured for 24 h, followed by the addition of the corresponding recombinant adenovirus for transfection. There were 5 transfection groups, namely, the AdGFP group as the control group, AdBMP2 group, AdSmad1 group, AdCx43 + AdSmad1 group and AdCx43 + AdSmad1 + AdBMP2 group. Total RNA was extracted after culturing the cells for 30 h to detect the expression of target genes. At the same time, total protein was extracted to detect the expression of target proteins. Fluid infusion (0.5~1 mL) and semi quantitative liquid exchange were done every 2-3 days.
Extraction of total RNA and quantitative real-time polymerase chain reaction (qRT-PCR)
A total RNA extraction kit (Tiandz Inc., Beijing, China) was used to extract total RNA of recombinant cells, and a reverse transcription kit (Bioer, Hangzhou, China) was used to reverse transcribe it into cDNA. qRT-PCR was used to detect mRNA levels of chondrogenic differentiation markers aggrecan (ACAN) and collagen type II alpha 1 (Col2al), bone differentiation factor Runx2, osteopontin (OPN) and osteocalcin (OC), and Cx43, Smad1, transforming growth factor-β (TGF-β) and BMP2 in each treatment group at various time points, with glyceraldehyde-phosphate dehydrogenase (GAPDH) as the reference. The primer sequences are shown in Table 1 . An ABI 7500 quantitative PCR system (Applied Biosystems, Foster City, CA, USA) was used for the detection of qRT-PCR signals, and the qRT-PCR mixture was purchased from Bio-Rad (Hercules, California, USA). The PCR protocol was as follows: pre-denaturation at 94°C for 5 min, denaturation at 94°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 20 s, with denaturation-annealing-extension for 40 cycles. The differences in mRNA expression between the experimental and control groups were calculated by the formula N = (2) -ΔΔCT [23] .
Western blotting
The recombinant cells (1 × 10 9 ) were harvested and mixed with 0.5 mL PBS solution (1.9 mM potassium dihydrogen phosphate, 8.1 mM potassium dihydrogen phosphate, 75 mM NaCl, pH 7.4). An ultrasonic Table 1 . Primer sequences for real-time quantitative polymerase chain reaction. Note: ACAN, aggrecan; Col2al, collagen type II alpha 1; OPN, osteopontin; Cx43, connexin 43; OC, osteocalcin; TGF-β, transforming growth factor-β; BMP2, bone morphogenetic protein 2 homogenizer (Ningbo Scientz Biotechnology Co., Ltd., China) was used for disruption of the cells in suspension for a total of 5 min (work for 1 s, pause for 1 s). After removal of cell debris by centrifugation at 12,000 rpm for 10 min, the Bradford method was used to measure the total protein concentration in the supernatant. The total protein concentration and volume were adjusted to be equal in all samples. The proteins were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) with a 10% gel, and then the proteins were transferred onto a polyvinylidene fluoride (PVDF) membrane by a semi-dry transfer membrane instrument (Bio-Rad, Hercules, California, USA). The PVDF membrane was immersed in methanol for 15 s in advance and then, together with polyacrylamide gel, soaked in transfer buffer composed of 25 mM Tris, 192 mM glycine, and 20% (v/v) methanol for 10 min at 17 V with constant pressure for 30 min. When transfer was complete, the PVDF membrane was blocked at room temperature for 2 h with 6% (m/v) dry skim milk (dissolved in PBS) and then washed 3 times with PBS with 0.1% (w/v) Tween-20 (PBST) for 3 min each time. Then, the membrane was incubated with rabbit antirat monoclonal antibodies (against Col2al, Runx2, OPN, OC, Cx43, Smad1, TGF-β and BMP2; all purchased from Abcam, Cambridge, UK) at room temperature for 1 h and washed 5 times with PBST for 3 min each time. Subsequently, the membrane was incubated with goat anti-rabbit IgG conjugated with horseradish peroxidase (Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China) at room temperature for 1 h and washed 5 times again with PBST for 3 min each time. Finally, the membrane was incubated with the horseradish peroxidase (HRP) substrate (Bio-Rad, Hercules, California, USA) to develop the signal for the target proteins.
GAPDH was used as the internal reference, with rabbit anti-rat GAPDH (Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China) as the primary antibody. Image-Pro Plus 6.0 was used to detect the gray values for the bands represented by the target proteins and GAPDH on the images of the blots, with the ratio of gray values for the target protein and GAPDH as the relative content of the target protein.
Identification of cartilage differentiation and osteogenic conditioning
Five groups of recombinant BMSCs transfected with adenoviruses at a density of 0.5 × 10 5 cells/mL were plated in high glucose DMEM (Becton-Dickinson, New Jersey, USA), containing 100 U/mL penicillin, 100 µg/mL streptomycin, 50 ng/mL dexamethasone, 10 mmol/L β-glycerophosphate and 50 µg/mL ascorbic acid in 24-well plates. Three replicates were used for each group, and they were continually cultured in the incubator with medium changes every 48 h. The 24-well plates were taken out on day 0, 5, 10 and 14 after induction, and the cells were collected. Total cellular RNA was extracted to detect the mRNA expressions of target proteins. Meanwhile, a few cells were used to identify osteoblast differentiation. In addition, some cells were used for slide preparation. After being fixed with 95% cold acetone for 30 min, the glycosaminoglycan content of the extracellular matrix was detected by Alcian blue staining, immunohistochemistry for type II collagen and two methyl methylene blue colorimetry to determine the chondrogenic differentiation of the cells.
Alcian blue staining
The slides were fixed with 95% cold acetone for 30 min and washed once with PBS. After staining with Alcian blue for 3 min, the slides were rinsed in distilled water, subsequently dipped into 80% and 95% ethanol for 1 s each and then into 100% ethanol for 5 min, followed by washing twice with xylene (5 min each time) before being mounted with neutral gum. Three fields of view at 40× magnification were randomly selected, and Image-Pro Plus 6.0 was used to detect the intensity of the target area to quantify the relative glycosaminoglycan content of the extracellular matrix.
Detection of glycosaminoglycan content of the extracellular matrix in chondrocytes
First, a chondroitin sulfate standard curve was plotted. DMB chromogenic agent (2 mL) was added into 100 µL of chondroitin sulfate standard solution of different concentrations. After reaction at room temperature for 15 s, the absorbance at 527 nm was detected. With the absorbance on the x-axis and the concentration of chondroitin sulfate on the y-axis, the standard curve was plotted.
Cells were collected in a 5-mL centrifuge tube containing 0.5 mL of 50 mmol/L ethylenediamine tetraacetic acid (EDTA) for digestion for 15 min at 37°C, followed by the addition of 0.5 mL type II collagenase to obtain complete suspension. Then, 20 mmol/L sodium phosphate buffers (pH 7.4, 0.3 mL) were added. After digestion for 1 h at a constant temperature of 60°C, 20 mmol/L of iodoacetic acid was used to adjust the pH to 8.0, and the supernatant was collected by centrifugation at 8000 rpm for 10 min. The supernatant (100 µL) was mixed with 2 mL DMB chromogenic agent. After reaction at room temperature for 15 s, the absorbance at 527 nm was detected, and the glycosaminoglycan content of the extracellular matrix in the reaction mixture was calculated according to the standard curve.
Immunohistochemistry for type II collagen
The slides were fixed in 95% cold acetone for 30 min and further fixed with 3% hydrogen peroxide solution for 10 min. After washing 3 times with PBS, the slides were blocked for 20 min with 5% blocking buffer and incubated with monoclonal rabbit anti-rat type II collagen antibody (1:100, product ID: ab34712, Abcam, Cambridge, UK) at 4°C overnight. After incubation, the slides were washed 3 times with PBS and incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China) at room temperature for 15 min. After rinsing 3 times with PBS, DAB chromogenic agent (Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China) was added to the slides and allowed to react for 20 min. After counterstaining in hematoxylin for 1 min and washing once with PBS, the slides were dehydrated in 80% and 95% ethanol for 3 min each and then in 100% ethanol for 5 min, followed by washing twice with xylene (5 min each time). The coverslips were mounted with neutral gum. Three fields of view at 40× magnification were randomly selected, and Image-Pro Plus 6.0 was used to detect the signal for the target area as the relative content of type II collagen.
Identification of osteoblast differentiation
Alkaline phosphatase (ALP) activity and OPN expression were detected in the early, middle and late stages of osteoblast differentiation in each treatment group.
ALP staining. ALP dye liquor (purchased from Beyotime Institute of Biotechnology, Jiangsu, China) was used to detect ALP activity of cells. Cells in 24-well plates were harvested, washed twice with distilled water, fixed with 100 µL ALP fixative for 60 s, washed twice again with distilled water and stained for 30 min in the dark with 200 µL ALP. The staining intensity was observed under a microscope every 2-5 min and recorded.
ALP activity analysis. The ALP activity detection kit (purchased from Beyotime Institute of Biotechnology, Jiangsu, China) was used to detect the ALP activity of cells. Cells from each treatment group were collected in 1.5 mL centrifuge tubes, washed twice with PBS, and 100 µL of the cell suspensions were lysed for 5 min on ice, accompanied by continuous vortexing. The supernatant was collected by centrifugation at 13,000 rpm for 10 min. The supernatant (5 µL) was mixed with 50 µL detection buffer and 50 µL ALP substrate and incubated at 37°C for 10 min. Then, 100 µL reaction termination liquids were added to terminate the reaction. A microplate reader was used to measure the absorbance at 405 nm. A nitrophenol standard curve was prepared (according to the description provided with the kit), and the absorbance values of the samples were plotted on the nitrophenol standard curve to calculate the ALP activity of the samples, with the unit of activity defined under conditions below 37°C. The enzyme unit (U) was defined as the amount of ALP required for the hydrolysis of the sodium salt of nitrobenzene phosphoric acid to produce 1 µmol nitrophenol per minute.
Detection of OPN expression in the cell matrix. Immunohistochemical analysis was used to detect the expression of OPN in the cell matrix. The cells were collected and washed twice with PBS and fixed with 4% paraformaldehyde for 30 min. After washing three times with PBS, the slides were incubated with monoclonal rabbit anti-rat OPN antibody (1:100, product ID: ab8448, Abcam, Cambridge, UK) at 4°C overnight. After incubation, the cells were washed 3 times with PBS and incubated with horseradish peroxidase-labeled goat anti-rabbit IgG (Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China) at room temperature for 15 min. After rinsing 3 times with PBS, the slides were reacted with DAB chromogenic agent (Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China) in the dark for 20 min. After counterstaining in hematoxylin for 1 min and washing once with PBS, the slides were serially dehydrated in 80% and 95% ethanol for 3 min each and in 100% ethanol for 5 min. The cells were washed twice in xylene for 5 min each and mounted with neutral gum. Additionally, three fields of view at 40× magnification were randomly selected, and Image-Pro Plus 6.0 was used to detect the signal for the target area to quantify the relative expression of OPN in the cell matrix.
Subcutaneous injection of BMSCs into nude rats
The five groups of recombinant BMSCs transfected with adenovirus were cultured in 24-well plates. When the adherent cells reached 80% confluence, they were detached with trypsin for 30 s, followed by centrifugation at 8000 rpm for 10 min, and then the cells were collected. PBS containing 300 U/mL penicillin and 300 µg/mL streptomycin was used to resuspend the cells, and the cell density was adjusted to 2.5 × 10 alcohol, and 80% alcohol, followed by rinsing twice in running water (1 min each time). Then, the slides were placed in Harris hematoxylin solution for 10 min, followed by washing in water for 1 min, differentiation by 1% hydrochloric acid alcohol for 30 s and washing in water for another 15 min. Then, the tissues were stained with 1% red alcohol for 3 min, differentiated with 90% alcohol for 30 s, washed with 95% alcohol for 1 min, followed by washing with dimethyl carbonate for 1 min and washing 3 times with xylene (2 min each time) in order. Finally, the slides were sealed with neutral gum and observed under a microscope.
Masson staining. Tissue specimens were fixed for 30 min in 4% paraformaldehyde, followed by decalcification, paraffin embedding and sectioning. Then, the sections were deparaffinized and rehydrated to water. After staining the nuclei with hematoxylin for 5 min and rinsing 3 times with distilled water, Ponceau S was used to stain the tissues red for 5 min. Next, the specimens were washed with 2% acetic acid solution, differentiated with 1% aqueous phosphomolybdic acid for 5 min, stained with aniline blue for 5 min, quickly dipped in 0.2% acetic acid and placed in 95% and 100% ethanol for 5 min each, followed by clearing in xylene. Then, the slides were sealed with neutral gum and observed under a microscope.
Safranin O-fast green staining. Tissue specimens were fixed for 30 min in 4% paraformaldehyde, followed by decalcification, paraffin embedding and sectioning. Then, the sections were deparaffinized and rehydrated to water. After staining the nuclei with hematoxylin for 5 min, followed by rinsing 3 times with distilled water, the specimens were stained with safranin O-fast green for 5 min. Then, the specimens were washed with 1% acetic acid briefly and stained with 0.1% safranin O-fast green for 5 min. After that, the slides were placed in 95% and 100% ethanol for 5 min each, followed by clearing in xylene. Finally, the slides were sealed with neutral gum and observed under a microscope.
Statistical analysis SPSS 21.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analyses. The data were presented as the mean ± standard deviation. Normality test was also performed. Comparisons of the measurement data were performed by the t-test and categorical data by the χ 2 test. The differences were statistically significant when P < 0.05.
Results
Identification of BMSCs
The expression of surface antigens CD34, CD44, CD45 and CD54 in BMSCs was tested by immunohistochemistry. For CD44 and CD45 staining, the cytoplasm of BMSCs was dyed brown, indicating that the BMSCs were positive for the surface antigens CD44 and CD54, while the BMSCs were negative for CD34 and CD45 (Fig. 1) . Fig. 2 shows the proliferation curve for BMSCs, demonstrating that the sub-cultured BMSCs were in the incubation phase for 1 day, logarithmic growth phase for 2 days, and stable phase for 7 days, followed by a gradual decrease in cell numbers.
Proliferation curve of BMSCs
Successful transfection of BMSCs
The adenoviruses were amplified in human embryonic kidney 293T cells. The results showed that the adenoviruses could effectively infect the 293T cells, with increase in cell fluorescence up to 24 h after transfection. Then, the cells appeared rounded with vacuoles, which began to be shed after continuous culture for 72 h. After 24 h of transfection by recombinant adenoviruses that were amplified in 293T cells, the proportion of fluorescent recombinant BMSCs was approximately 40-50%, and the cells were in good condition and could successfully grow up to 14 d. The expression of mRNA and protein of target genes were investigated by qRT-PCR and Western blotting, respectively, in each treatment group. After 30 h of transfection, compared with the AdGFP group, the corresponding mRNA and protein levels were found to be overexpressed in the BMSCs of the AdBMP2, AdSmad1, AdCx43 + AdSmad1 and AdCx43 + AdSmad1 + AdBMP2 groups, while the overexpression of mRNA and protein of BMP2 was also observed in the AdSmad1 and AdCx43 +AdSmad1 groups (all P < 0.05). In addition, significant difference was observed in the mRNA and protein levels of BMP2 among the AdGFP, AdCx43 + AdSmad1 and AdCx43 + AdSmad1 + AdBMP2 groups, while the AdCx43 + AdSmad1 and AdCx43 + AdSmad1 + AdBMP2 groups exhibited higher mRNA and protein levels of BMP2 than the AdGFP group. There was no significant difference in the mRNA and protein levels of Cx43 and Smad1 between the AdCx43 + AdSmad1 and AdCx43 + AdSmad1 + AdBMP2 groups (all P > 0.05). Compared with the AdGFP group, no significant difference in mRNA and protein levels of TGF-β was detected in the AdBMP2 group (P > 0.05). However, the mRNA and protein levels of TGF-β were decreased in the AdSmad1, AdCx43 + AdSmad1 and AdCx43 + AdSmad1 + AdBMP2 groups, with no remarkable difference among these three groups (Fig. 3) . staining and dimethyl methylene blue assay (Fig. 5) . Synthesis of type II collagen was analyzed by immunohistochemical staining (Fig. 6A-B) . The relative expressions of Col2a1 in BMSCs in the different treatment groups were analyzed by Western blotting (Fig. 6C-D) . The results demonstrated that there was no significant difference in the mRNA expressions of ACAN and Col2a1, the glycosaminoglycan content of the extracellular matrix, or the expression of type II collagen and Col2a1 protein (all P > 0.05) at day 0, while these parameters were increased in the AdBMP2, AdSmad1, AdCx43 + AdSmad1 and AdCx43 + AdSmad1 + AdBMP2 groups with time, and the differences were statistically significant when compared with the previous time point (all P < 0.05). However, no significant difference was found in the AdGFP group at each time point (P > 0.05). At day 5, 10, and 14 of induction, the expressions of ACAN and Col2a1 mRNA, glycosaminoglycan content of the extracellular matrix, and expression of type II collagen and Col2a1 protein were gradually increased in the AdBMP2, AdSmad1, AdCx43 + AdSmad1 and AdCx43 + AdSmad1 + AdBMP2 groups. Pairwise comparison showed significant differences among the AdGFP, AdCx43 + AdSmad1 and AdCx43 + AdSmad1 + AdBMP2 groups (all P < 0.05), while these parameters were higher in the AdCx43 + AdSmad1 and AdCx43 + AdSmad1 + AdBMP2 groups than in the AdGFP group (all P < 0.05).
Identification of osteoblast differentiation of BMSCs
The ALP activity of adenovirus-transfected BMSCs was assessed by ALP staining and ALP activity assay (Fig. 7) . The mRNA and protein expressions of Runx2 at day 5 and 10 were examined by qRT-PCR and Western blotting, respectively (Fig. 8) . The results showed BMSCs, bone marrow mesenchymal stem cells; Col2a1, collagen type II alpha 1; *, refers to P < 0.05 when compared with the AdGFP group; #, refers to P < 0.05 when compared with the AdBMP2 group; &, refers to P < 0.05 when compared with the AdSmad1 group; %, refers to P < 0.05 when compared with the AdCx43 + AdSmad1 group; @, refers to P < 0.05 when compared with the previous time point; P-values were analyzed by repeated measures ANOVA.
by BMP2. Furthermore, the mRNA and protein expressions of OPN and OC were gradually decreased by day 14 of induction in the AdBMP2, AdSmad1, AdCx43 + AdSmad1 and AdCx43 + AdSmad1 + AdBMP2 groups. Pairwise comparisons showed significant differences among the AdGFP, AdCx43 + AdSmad1 and AdCx43 + AdSmad1 + AdBMP2 groups (all P < 0.05), while the levels were higher in the AdCx43 + AdSmad1 and AdCx43 + AdSmad1 + AdBMP2 groups than in the AdGFP group (all P < 0.05) (Fig. 9) . The data suggested that transfection with Cx43 and Smad1 inhibited late osteoblast differentiation of BMSCs induced by BMP2.
Heterotopic osteogenesis and cartilage in vivo
Rats were injected with transfected BMSCs from the different treatment groups bilaterally in the axillary regions. The tissue mass from the rats was removed after 5 and 8 weeks of injection and stained with HE, Masson, Alcian blue and safranin O-fast green to detect cartilage. The results revealed the absence of mass at each time point in the AdGFP group. Compared with that at 5 weeks of injection, the volumes of the tissue masses were significantly increased at 8 weeks for all except the AdGFP group (all P < 0.05). Pairwise comparisons showed significant differences among the AdGFP, AdCx43 + AdSmad1 and OC, osteocalcin; qRT-PCR, quantitative real-time polymerase chain reaction; *, refers to P < 0.05 when compared with the AdGFP group; #, refers to P < 0.05 when compared with the AdBMP2 group; &, refers to P < 0.05 when compared with the AdSmad1 group; %, refers to P < 0.05 when compared with the AdCx43 + AdSmad1 group; P-values were analyzed by one-way ANOVA. AdCx43 + AdSmad1 + AdBMP2 groups (all P < 0.05). At 5 weeks, the volumes of the mass from the AdCx43 + AdSmad1 + AdBMP2 group were larger than those of the other groups (all P < 0.05), while there was no significant difference among the AdBMP2, AdSmad1 and AdCx43 + AdSmad1 groups (all P > 0.05) (Fig. 10) . In addition, the staining results revealed that the cells in the AdGFP group were fusiform and proliferative and demonstrated no sign of aggregate growth (Fig. 11) . Cartilage differentiation was obvious in the AdCx43 + AdSmad1 + AdBMP2 group, with no ossification or trabecular bone formation within the cells. The chondrocyte differentiation capacity was weakened in the AdCx43 + AdSmad1 group, followed by reduction in the cartilage cell volume. There was mild ossification in the cartilage of the AdSmad1 and AdBMP2 groups, accompanied by a low degree of formation of trabecular bone. Compared with the AdGFP group, at 8 weeks, the average length of cartilage was increased in the proliferative zone and decreased in the hypertrophic zone of rats injected with BMSCs in the AdBMP2, AdSmad1, AdSmad1 + AdBMP2 and AdCx43 + AdSmad1 groups. Pairwise comparisons showed significant differences among the AdGFP, AdCx43 + AdSmad1 and AdCx43 + AdSmad1 + AdBMP2 groups (all P < 0.05).
Discussion
The present study aimed to investigate the underlying mechanism of Cx43 and Smadmediated TGF-β/BMP signaling pathway and its functions on the modulation of cartilage Initially, by quantitative real-time polymerase chain reaction (qRT-PCR) and Western blotting, we observed overexpression of Cx43, Smad1 and BMP2 mRNA in BMSCs infected with recombinant adenovirus from the AdBMP2, AdSmad1, AdCx43 + AdSmad1 and AdCx43 + AdSmad1 + AdBMP2 groups, while we also observed overexpression of BMP2 at mRNA and protein levels in the AdSmad1 and AdCx43 +AdSmad1 groups when compared with the AdGFP group after 30 h of transfection. The above results suggested that Cx43 and Smad1 could elevate the expression of BMP2. Cx43 is the predominant gap junction protein present in osteoblasts, and a certain level of Cx43 gap junctions appears to be essential for governing the migration of neural crest cells, possibly by providing an organized signaling network to direct cells to their final destination [24] . Zhang et al. reported that Cx43 mRNA level is increased when the cells are treated by recombinant human BMP2 for 18 h, accompanied by changes in protein levels after 48 h, and BMP2-induced chondrogenic differentiation may be mediated in part by the regulation of Cx43 expression [25] . Smad proteins are crucial intracellular mediators of the TGF-β family of secreted growth factors, among which Smad1 is an effector of signals provided by the BMP subgroup of TGF-β molecules [26] . Hay et al. demonstrated that the promotion of apoptosis of osteoblasts by BMP2 in a Smadindependent manner [16] . Additionally, in our study, obvious chondrocyte differentiation was observed in the AdCx43 + AdSmad1 + AdBMP2 group, with no ossification or trabecular bone formation. There was slight ossification in the cartilage of the AdSmad1 and AdBMP2 groups, accompanied by a low degree of formation of trabecular bone. Compared with the AdGFP group at 8 weeks, the average length of cartilage was increased in the proliferative zone and decreased in the hypertrophic zone of rats injected with BMSCs from the AdBMP2, AdSmad1, AdSmad1 + AdBMP2 and AdCx43 + AdSmad1 groups, and pairwise comparisons showed significant differences. Furthermore, our findings demonstrated that the cell differentiation capacity was weakened in the AdCx43 + AdSmad1 group, followed by a reduction in chondrocyte volume. In addition, our results also showed that there was slight ossification in the cartilage of the AdSmad1 and AdBMP2 groups, accompanied by a low degree of formation of trabecular bone. In addition, the average length of cartilage was increased in the proliferative zone and decreased in the hypertrophic zone of experimental rats at 8 weeks. BMPs are members of the TGF-β superfamily of polypeptides. BMPs function by inducing the differentiation of mesenchymal osteoprogenitors to cells of the osteoblastic lineage and by promoting osteoblastic maturation and function [27, 28] . This cellular regulation may be involved in the development of bone and cartilage and in the promotion of healing of fractured bones. Previous studies have suggested that the CCN family is responsible for the regulation of osteoblast differentiation by interacting with members of the TGF-β family including BMP2, an essential factor in skeletogenesis [29, 30] . In addition, Wnt-1-induced secreted protein 1 (WISP-1) is associated with bone differentiation by enhancing the effects of BMP2 to increase osteogenesis [31] . As Wu et al. showed, BMSCs and poly-lactic-glycolic acid (PLGA) complexes induced by cartilage-derived morphogenetic protein (CDMP)-1 and TGF-β1 contribute to repair cartilage defects more effectively [32] . Furthermore, Liu et al. reported that the mRNA levels of Smad1, BMP-2/4, Runx2, ALP, collagen I, integrin subunits as well as myosins were up-regulated as a result of interaction with nanocomposite nanofibrous scaffold of hydroxyapatite/chitosan (nHAp/CTS) [33] . Subsequently, a study demonstrated that nHAp/CTS scaffolds improve bone regeneration via adhesion, proliferation and activation of integrin-BMP/Smad signaling pathway in BMSCs [34] . A study conducted by Wu et al. showed that transfected BMSCs secrete high levels of Col II, GAG and other cartilage-specific matrices, which also supports the function of BMSCs on promoting cartilage differentiation [35] .
More importantly, our findings suggested the expression of ACAN and Col2a1 mRNA, glycosaminoglycan content of the extracellular matrix and expression of type II collagen and Col2a1 protein were gradually increased in the AdBMP2, AdSmad1, AdCx43 + AdSmad1 and
